T he lifetime prevalence of rotator cuff tear is estimated to be as high as 20% of the general population, where risk increases significantly with age 1 . Because rotator cuff tears may remain asymptomatic for years, and the onset of symptoms is often insidious, many patients do not seek treatment until the disease has progressed to a more chronic state. When accompanied by other factors such as smoking, diabetes, and age, this late-stage intervention results in surgical failure rates as high as 50% 2 . While the composition, quality, and function of the muscle in rotator cuff disease plays an important role in disease progression and recovery potential, the biological features of the muscle remain poorly defined on the cellular level, particularly in late-stage disease.
Relative to muscle, the response of the rotator cuff tendons to tear has been better studied biomechanically, biochemically, and histologically [3] [4] [5] . Those studies suggested that, while the tendon may look healthy macroscopically, at the cellular and molecular level, the torn tendon is degenerated, with signs including increased vascularity, adipose content, inflammation, and apoptosis [3] [4] [5] . We hypothesized that, as rotator cuff disease progresses, muscle as well as tendon is lost to degenerative processes. Specifically, in advanced rotator cuff disease, we expected to see a degenerative muscle phenotype demonstrating disrupted muscle fiber structure, myophagocytosis, and increased central nuclei, all signs of muscle degeneration-regeneration 6 not reported in earlier disease states.
While atrophy and degeneration are distinct mechanisms of muscle loss often involving different pathways and drivers [7] [8] [9] , the terms fatty atrophy, fatty degeneration, and the more generic fatty infiltration are consistently and interchangeably found in the literature. Muscle atrophy is a normal response to disuse, whether that disuse is caused by tenotomy-induced mechanical unloading 10 or inactivity 11 , and under most conditions can be nearly reversed by muscle reloading 12 . In contrast, degeneration is an accumulation of muscle damage and cell death driven by multiple factors including inflammation, abnormal mechanical forces, and altered vascularization and is classically seen in the inflammatory myopathies and dystrophies 8, 9 . It is indisputable that fat accumulates in diseased rotator cuff muscle. Indeed, clinical and surgical decisions are often made on the basis of computed tomography (CT) or magnetic resonance imaging (MRI) evaluation of the rotator cuff muscles, with Goutallier scores being the primary clinical measure of the rotator cuff muscle quality and overall disease severity 13, 14 . Regarding the terms fatty atrophy versus fatty degeneration, previous studies of the relationship between muscle loss and fat accumulation are limited and have focused primarily on early to mid-stage rotator cuff disease. Those studies demonstrated decreased muscle fiber diameter 15 and specific force production 16 along with disrupted subcellular architecture, including small (;1-mm) lipid droplet accumulation in individual muscle fibers following a tendon tear 16, 17 . No degenerative features such as myophagocytosis, disrupted muscle fiber membranes, split fibers, centralized nuclei, or other classic features of muscle degeneration-regeneration 6 have been reported [15] [16] [17] . While previous studies clearly demonstrated atrophic changes in the muscle, no clear evidence has emerged to suggest a degenerative mechanism of muscle loss.
To address these fundamental gaps in the literature regarding advanced rotator cuff disease, the aim of the current study was to histologically characterize the tissues found in the muscular spaces of patients with chronic and severe rotator cuff disease in order to determine whether degenerative processes are present in rotator cuff muscle. These data may provide evidence to challenge clinical assumptions about the state of muscle in rotator cuff disease and broaden our understanding of the relationships between muscle and fat in advanced rotator cuff disease.
Materials and Methods
T wenty-three patients undergoing reverse total shoulder arthroplasty (Table  I) provided consent for muscle biopsy to be performed. Approval from the appropriate institutional review boards was obtained. A fellowship-trained shoulder surgeon assigned Goutallier scores 13 for each muscle on the basis of clinically indicated T1-weighted MRI or CT arthrogram images in the coronal and sagittal-oblique planes. 
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Using an anterosuperior approach, biopsy samples (ranging from 30 to 500 mg; mean diameter [and standard deviation] of 5.3 ± 2.0 mm) were collected under direct visualization from the scapular fossae, in a region defined by the lateral edge of the glenoid and no more than 2 cm medial from that landmark. Muscle that was macroscopically defined as pink-red organized fascicular tissue was specifically targeted; samples were not obtained Counterstain Used to identify muscle fiber border to calculate muscle fiber area and centralized nuclei, counterstain for orientation in above stains ‡ § *All quantification and manual screening performed by a single observer with 4 years of experience in muscle histology, blinded to Goutallier score and the intraoperative appearance of the muscle. 1°= primary; Ab = antibody; 2°= secondary; N/A = not applicable; LiCl = lithium chloride; ROI = region of interest; RGB = red, green, and blue; and BSA-PBS = bovine serum albumin-phosphate buffered saline solution. †H & E and trichrome stains were mounted with Permount mounting medium (Fisher Scientific) and imaged on a Leica SCN400 slide scanner. ‡Immunofluorescent stains were mounted with Vectamount mounting media with DAPI (Vector Laboratories) to visualize nuclei. All immunofluorescent imaging carried out on a Leica DM6000B microscope with DCF365FX camera on ·10 setting (·100 total magnification). §Tile imaging of entire cross-section and manual background adjustment were performed before quantification of all immunofluorescent images in ImageJ.
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from muscles without such tissue. Obvious adipose or tendon tissue was avoided ( Fig. 1 ). The supraspinatus was always evaluated and a biopsy sample obtained if it met the above-mentioned criteria, and in multiple cases, the infraspinatus (including the infraspinatus-teres minor junction) was evaluated and a sample obtained. Immediately after biopsy, samples were pinned under tension along the medial-lateral axis, flash-frozen in liquid nitrogen-cooled isopentane, transported on dry ice, and stored at 280°C.
Ten-micron sections embedded in OCT (optimum cutting temperature) compound were generated on a cryostat (CM3050 S; Leica). For each measurement, the entire area of a single cross-section (6 to 20 fields) was quantified by a single observer with 4 years of muscle histology experience who was blinded to the Goutallier score and the intraoperative appearance (Table II) . All quantification was performed using automated procedures in ImageJ 18 , which required only minimal input from the operator. Hematoxylin and eosin (H & E) and Gomori trichrome stains were used in evaluating the overall tissue composition and structure 19 . The relative fraction of organized, dense connective tissue; loose, disorganized tissue similar in appearance to granulation tissue; and muscle fibers was quantified on the basis of manual thresholding of staining color and intensity, where loose connective tissue was similar in color but lighter in shade and intensity than dense connective tissue because of the relative packing of the extracellular matrix (ECM). The same program was also used to quantify areas of fat within the sections.
To quantify the prevalence of degeneration and intrafascicular fat accumulation, each fascicle in an H & E-stained cross-section was scored for evidence of degenerating fibers and intrafascicular and perifascicular fat, with the results reported as a percentage of total fascicles per sample. In this analysis, muscle degeneration was defined as the presence of hypercellular infiltration of muscle fibers (i.e., myophagocytosis), the disrupted integrity of muscle fiber membranes, or split muscle fibers 6, 9 . Intrafascicular fat was defined as large, eosin-negative cells residing within the perimysium, while perifascicular fat was defined as similarly eosin-negative cells in contact with, but not clearly within, the fascicular border. Immunostaining for the adipocyte lipid droplet protein perilipin (Abcam) was used to confirm that such eosin-negative cells contained lipid.
The number and size of noncapillary blood vessels (alpha-smooth muscle actin [a-SMA]; Diagnostic Biosystems) and the number of macrophages (CD68; Leica Biosystems/Novocastra) were quantified for whole biopsy cross-sections in ImageJ 20, 21 . Samples were counterstained with laminin-111 or laminin-211 (LAMA1; Sigma, or LAMA2; Vector Laboratories) and 4',6-diamidino-2-phenylindole (DAPI). The muscle fiber area and centralized nuclei were quantified via laminin and DAPI overlay using ImageJ 18 . The average muscle fiber area was weighted for total fiber area within each sample in order to account for varying amounts of muscle between samples. As a control group for muscle fiber area and central nuclei, 4 cadaveric supraspinatus muscles with no sign of rotator cuff disease were stained with H & E and quantified manually.
Statistical Analysis
Data are reported as the mean and standard deviation. Due to the differences in disease state between muscles, no pairwise correction was applied when multiple muscles from the same individual were biopsied. One or 2-way analyses of variance (ANOVAs) were used as appropriate to compare measurements between Goutallier scores, and Student t tests were used to compare patient biopsies with cadaveric data as well as muscle versus nonmuscle regions within the same biopsy samples. Linear regression was used to assess correlations between compositional parameters. Significance thresholds were set at an alpha level of 0.05.
Results
O f the total sample pool (n = 31), only 25.8% contained histologically identifiable muscle fibers. On average, the samples consisted of 48.2% ± 19.1% dense connective tissue, 36.9% ± 15.9% disorganized and loose connective tissue similar to granulation tissue, and only 10.4% ± 22.0% muscle overall (Fig. 2) . Of the samples with any identifiable muscle tissue, the composition was 30.3% ± 11.8% dense connective tissue, 26.7% ± 17.4% loose connective tissue, and 40.1% ± 26.5% muscle. There was a significant interaction between biopsy sample composition and Goutallier score (p = 0.0027), with samples from muscles with lower Goutallier scores containing more muscle tissue on average, and with muscle tissue nearly absent in samples from muscles with a Goutallier score of 4. The average fat composition in all samples was low (6.5% ± 11.6%), which was likely due to our purposeful avoidance of macroscopic fat at biopsy sample collection. Altered vascularization was prominent in the majority of samples, with an average vessel density among all samples of 66.6 ± 38.0 vessels/mm 2 and an average area per vessel of 448.7 ± 204.3 mm 2 (Fig. 3) . This represents a 4-fold 20 to 130-fold 22 increase in the normal vessel density of skeletal muscle (dashed line in Figure 3 -C, as measured in adult rat hindlimb muscle). No significant difference in vessel density was observed between samples with or without identifiable muscle tissue or on the basis of Goutallier scores.
Profound inflammation was observed (Fig. 4) , with an average of 111.3 ± 81.5 macrophages/mm 2 across all samples and 103.3 ± 88.8 macrophages/mm 2 among the musclecontaining samples. This is 10-fold to 100-fold higher macrophage density than has been reported for either healthy A representative image showing CD68 stain with positive macrophages shaded in yellow (Fig. 4-A) ; a ·100-magnified image of the region outlined in red in Figure 4 -A, showing CD68-positive macrophages in green (Fig. 4-B) ; and macrophage density by Goutallier score, where the dashed line represents the normal threshold for macrophages in muscle tissue (Fig. 4-C) . The error bars indicate the standard deviation. A representative image showing alpha-smooth muscle actin (SMA) stain, with positive vessels shaded in yellow (Fig. 3-A) ; a ·100-magnified image of the region outlined in red in Figure 3-A, showing the alpha-SMA-positive vessels in green (Fig. 3-B) ; the average blood vessel density by Goutallier score, where the dashed line represents the vessel density reported for healthy muscle (Fig. 3-C) ; and the average vessel area by Goutallier score (Fig. 3-D) . The error bars indicate the standard deviation.
muscle 23 or tendon 24 (1 to 10 macrophages/mm 2 , dashed line in Figure 4 -C). No significant difference was found in macrophage density across Goutallier scores or between samples with or without histological evidence of muscle. Furthermore, macrophage density was not significantly different in biopsy regions composed primarily of muscle compared Laminin-DAPI overlay image used to quantify central nuclei (yellow arrowheads) (Fig 6-A) ; ·20 magnification H & E-stained image of muscle fibers demonstrating centralized nuclei (yellow arrowheads) (Fig. 6-B) ; and the percentage of centrally nucleated muscle fibers within a sample, demonstrating significant pathological elevation compared with both cadaveric controls (**p = 0.0063) and the clinical standard for pathology (3%, dashed line) (Fig. 6-C) . RSA = reverse shoulder arthroplasty. The error bars indicate the standard deviation.
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T 1, 2017 with the cumulative macrophage density of the total sample cross-section. Within regions containing identifiable muscle fibers, signs of muscle degeneration were observed in 90.0% ± 15.6% of all muscle fascicles (Fig. 5) . These features qualitatively occurred more frequently around muscle-nonmuscle interfaces and within regions of high cellularity, although precise quantification of this phenomenon proved difficult. The percentage of centrally nucleated muscle fibers was also significantly elevated (11.3% ± 6.3%; p = 0.0063) compared both with the cadaveric controls (2.74% ± 1.0%) and the clinical threshold for abnormal central nuclei (3%) 25 (Fig. 6) . Interestingly, no difference was found between biopsy samples and cadaveric controls in terms of the average muscle fiber area (Fig. 5-F) , although this measurement was mildly underpowered (b = 0.62).
On average, adipose tissue was dispersed throughout the biopsy samples and constituted only a small fraction (6.5% ± 11.6%) of the total area sampled. In samples containing muscle fibers, although the total fat content remained low, fat was consistently concentrated at fascicular borders and between fascicles (perifascicular fat, 60.7% ± 41.4% of fascicles) as well as within fascicles (intrafascicular fat, 42.2% ± 33.6% of fascicles). Interestingly, intrafascicular fat was often seen in combination with degenerative signs, yet the endomysial and perimysial structures appeared intact (Figs.  7 and 8-A) . In some cases, perilipin staining appeared to penetrate discontinuous laminin borders of muscle fibers (Fig. 8-B) , although this phenomenon of fat infiltration of individual muscle fibers was rare and therefore difficult to quantify.
Discussion

I
n the presence of chronic and severe rotator cuff disease, the nonfatty tissues of the normally muscular supraspinatus and infraspinatus fossae were composed primarily of vascularized connective tissue. A large fraction of this tissue was similar in appearance to granulation tissue that forms in response to severe tissue damage, in that it was composed of vascular, loose connective tissue that has a high macrophage density 26 . This finding is not unprecedented given that chronic inflammation and muscle degeneration cause neovascularization while diminishing muscle volume 27, 28 . Although tissue composition was related to Goutallier score, the assumptions about tissue type and quality that are associated with each scoring level are called into question. Because our biopsy procedure targeted only nonfatty tissue, low fat content relative to clinical images was expected. However, lack of muscle relative to what was Serial sections stained with H & E (Fig. 7-A) and perilipin counterstained with laminin and DAPI (Fig. 7-B) demonstrating a single muscle fascicle (yellow border) with a central region (white arrowhead) in which adipose tissue has directly replaced degenerating muscle (white arrow) without altering the structure of the fascicle (as quantified in Figure 5 -E). Uniform perilipin-positive regions (green) demonstrating lipid accumulation in a geometry and location similar to that of surrounding muscle fibers (Fig. 8-A) ; and disrupted laminin border of muscle demonstrating positive perilipin staining suggestive of direct replacement of degenerating muscle by fat (Fig. 8-B) .
observed on imaging and intraoperatively may relate to the hypervascularity of the disorganized connective tissue. Additional research (high-resolution, quantitative MRI and histology) on isolated biopsy samples is needed to test this idea. Combined with the large number of actively degenerating muscle fibers observed, these data suggest that imaging may create considerable overestimation of the fraction of viable contractile tissue within the fossa. While understanding tissue composition is critical to interpreting clinical images and making surgical decisions, elucidating the source of muscle loss is potentially a more important issue. Specifically, the distinction between the terms fatty degeneration, fatty atrophy, and fatty infiltration is rarely addressed in the literature. Although previously underappreciated, the implications of atrophy versus degeneration and fatty infiltration versus replacement are, in fact, critical in understanding disease progression on a cellular level.
The most appropriate term to describe the findings of previous studies in this area appears to be fatty atrophy. In evaluating the muscle of early-stage rotator cuff disease, Lundgreen et al. reported decreased muscle fiber diameter and increased perifascicular fat but found no evidence of degenerationregeneration cycling as evidenced by a normal percentage of centrally nucleated muscle fibers 15 . Steinbacher et al. reported a similar increase in overall fat and perifascicular ECM, with increased lipid content and decreased myofibrillar organization in affected muscle fibers 17 . Mendias et al. corroborated these findings, and further showed diminished force production in muscle fibers isolated from chronic, full-thickness tears 16 . Animal models of rotator cuff disease, particularly large animal models, are relatively effective in recapitulating this atrophic, fat-accumulating phenotype of early and midstage disease [29] [30] [31] [32] [33] [34] [35] . However, to our knowledge, no previous study involving humans or animals has addressed the existence of degeneration or the tissue-level pattern of fat accumulation within the muscle in the most chronic and advanced stage of rotator cuff disease.
The data presented here provide clear evidence that muscle degeneration and regeneration occur in advanced rotator cuff disease. The level of muscle degeneration was profound, where 90% of fascicles displayed some degenerative features and 74% of the biopsy samples contained no muscle tissue at all, despite intraoperative targeting of muscle tissue. A previous study noted significant reductions in muscle fiber area between control samples and large tears 17 , and although our mean muscle fiber areas were also lower on average, they were not significantly different from cadaveric controls. Because our study was underpowered, we do not claim that atrophy was absent in these biopsy samples.
Cumulatively these data suggest that imbalanced degeneration-regeneration, possibly exacerbated by high levels of inflammation, is the primary driver of muscle loss in laterstage rotator cuff disease. We speculate that this degenerative mechanism of muscle loss is somewhat similar to that of the inflammatory myopathies, and contrasts with the atrophydriven muscle loss reported in early-stage disease 15 . Functionally, muscle loss from atrophy and degeneration will both result in impaired force production. The distinction between atrophy and degeneration has critical implications for recovery. An atrophic muscle may be rescued with renewed activation and mechanical reloading (i.e., tendon repair and exercise) even in older patients 12 . Conversely, a chronically degenerated muscle with cell loss and likely impaired regenerative capacity may be further damaged by the same treatment 36 , with limited capacity to increase muscle fiber number. In the latter case, treatment with anti-inflammatory and/or pro-myogenic (pharmacological or cellular) therapies may be appropriate.
Of interest was the presence of fat in structures that appeared to be previously filled with contractile tissue, indicative of a more chronic and possibly terminal stage of degeneration. In addition to the fatty infiltration described ubiquitously in the literature, we demonstrated the proximity of degenerative fibers and large, lipid-filled structures within architecturally preserved fascicles in >40% of all fascicles. The origin of this lipid remains to be determined, but may be related to the lipid-laden macrophages described by Mendias et al. 16 , as it is possible that such macrophages could differentiate into adipocytes 37 . More detailed analysis demonstrated perilipinpositive membranes surrounded by or crossing laminin borders, suggesting that the lipid deposit had replaced the contractile apparatus while maintaining the original muscle fiber structure. To our knowledge, this is the first human example of a muscle-to-fat transition that preserved the underlying muscle matrix architecture in what could be considered "fatty replacement." This phenomenon is not entirely unprecedented, as previous studies have shown adipogenic transition of both human myeloid cells 37 and resident muscle stem cells in rodent systems 38, 39 . Additional studies that specifically trace cell fate are required to identify the exact cell source or sources of the accumulating fat, as it is possible that the fat in different anatomical locations or in distinct stages of disease is derived from divergent cell depots.
As with many studies of this nature, obtaining the appropriate control data proved difficult. Rotator cuff musclespecific control data are absent in the literature, and due to limitations inherent to fixed tissue-specifically that extracellular and nonmuscle tissues (especially loose connective and adipose tissue) are severely disrupted and often destroyed in processing-and that immunohistochemical assays are largely ineffective on fixed tissue, we could not obtain meaningful control data for many of our assays.
Another limitation of this study was the relatively low number of biopsy samples that actually contained identifiable muscle fibers, particularly in the supraspinatus. This low muscle fraction was startling, given the MRI and intraoperative appearance of muscle-like tissue in the biopsy region. Although we can associate a biopsy region with an imaging-based region, we did not perform stereotactic biopsy (exact position). Nevertheless, the severe muscle degeneration measured here suggests that tissue quality is not well represented by current clinical imaging modalities. This in turn may help to explain the high number of unsatisfactory clinical outcomes. If the extent of muscle degeneration and replacement by noncontractile tissue is systematically underestimated, which our data emphatically suggest, then standard treatments may insufficiently address the underlying pathology and functional deficits may persist even in the presence of an anatomically repaired cuff.
In summary, we demonstrated that rotator cuff muscle exhibits an active cycle of degeneration and regeneration in advanced rotator cuff disease, with degeneration potentially exacerbated by high levels of inflammation. Muscle loss in these samples was so profound that, in a large majority of the samples, muscle tissue was completely replaced by a disorganized, vascular connective-tissue network with high macrophage density. It is possible that such tissue appears similar to muscle in clinical imaging, leading to gross underestimation of muscle degeneration. We also provided evidence for the existence of a process of "fatty replacement," whereby degenerating muscle is replaced by fat while maintaining the structure of the native muscle fiber ECM. Clinically, these results indicate that more careful staging of muscle quality may be important for surgical decision-making, as the most severe forms of degeneration may not respond well to muscle reloading. n
